Background: Current evaluation of muscle fatty infiltration has been limited by subjective classifications. Quantitative fat evaluation through magnetic resonance imaging (MRI) may allow for an improved longitudinal evaluation of the effect of surgical repair on the progression of fatty infiltration.
Rotator cuff injuries are responsible for more than 4.5 million visits to physicians each year in the United States, and they can lead to pain and limitations in function. 14 After tendon injury, the muscles of the rotator cuff undergo characteristic degenerative changes, including fatty infiltration and muscle atrophy. 4, 10, 11 Advanced fatty infiltration has been shown to negatively affect outcomes after rotator cuff repair. 3, 5, 9 Multiple prior studies have attempted to determine the effects of surgical repair on the progression of fatty infiltration. Gerber et al 2 reported that fatty infiltration progressed in all affected muscles after surgical repair of massive rotator cuff tears, although a successful repair limited the rate of progression. Gladstone et al 3 also reported that fatty infiltration progressed, even with a successful repair. In contrast, Liem et al 9 found no progression of fatty infiltration with intact repair of isolated supraspinatus tendon tears. Goutallier et al 5 also showed regression of fatty infiltration in the setting of a successful repair. Tear size, baseline fatty infiltration, and repair integrity can all potentially contribute to the progression of muscle quality, although these relationships remain unclear with the current evidence. The computed tomography-based Goutallier classification and the magnetic resonance imaging (MRI)-based modified Goutallier classification are commonly used to classify the severity of fatty infiltration. 1, 4 This scale has moderate reproducibility, with kappa values between 0.43 and 0.56 for interobserver and intraobserver variability, respectively. 16 Recently, there has been increased interest in the quantitative assessment of fatty infiltration with chemical shift-based MRI. 8, 12, 13 One method, the iterative decomposition of echoes of asymmetric length (IDEAL), has been shown to be both reproducible and to correlate with the Goutallier classification. 12 By using this sequence, precise fat fraction measurements that represent the percentage of intramuscular fat can be determined within any defined region of interest. The accurate and continuous nature of this measurement may allow for improved evaluation of muscular changes over time, including after treatment for rotator cuff repair.
The purpose of this study was to evaluate the change in fatty infiltration after rotator cuff repair. We hypothesized that patients with isolated full-thickness supraspinatus tendon tears would have less progression in fatty infiltration compared with patients with full-thickness tears of 2 or more tendons. Additionally, we hypothesized that patients with eventual failed repair would have higher baseline levels of fatty infiltration.
METHODS
A total of 35 patients with full-thickness rotator cuff tears were recruited at an academic, tertiary-care sports medicine center. Inclusion criteria were age older than 18 years, a full-thickness rotator cuff, and plans for surgical repair. Exclusion criteria included an inability to obtain a pre-or postoperative MRI scan, a history of intrinsic muscular pathology, history of neural injury, or previous rotator cuff surgery to the affected shoulder. All procedures were approved by our institutional review board, and all patients provided written informed consent.
All patients completed preoperative MRI prior to surgical treatment and a follow-up imaging scan approximately 6 months after surgical repair. The endpoint of 6 months was chosen because most rotator cuff repair failures occur before this time point and because patients have completed their rehabilitation program by then. 6 A standard clinical imaging sequence was obtained, including sagittal proton density-weighted images in addition to the sagittal IDEAL sequence for fat quantification. For IDEAL imaging, images were acquired and analyzed in the sagittal-oblique plane. The IDEAL algorithm with T2* correction and a 6-peak model for the fat spectrum was applied to a 3-dimensional fast gradient echo pulse sequence with 6 echoes. Parameters for this sequence included repetition time (TR) ¼ 10.8 ms, bandwidth (BW) ¼ 62.5 kHz, echo trail length (ETL) ¼ 2, number of excitations (NEX) ¼ 1, field of view (FOV) ¼ 12 cm, alpha ¼ 3, with a resolution of 0.33 Â 0.33 Â 4.0 mm 3 . Images were stored on a picture-archiving system, and image segmentation was performed with in-house, MATLAB-based (MathWorks) software as described previously. 8, 12 For segmentation, the scapular Y-view was identified on the proton density images and corresponding image on the IDEAL sequence, consisting of the acromion, coracoid process, and scapular body. This slice, along with 2 slices lateral and 1 slice medial, were segmented for each patient ( Figure 1 ). Individual regions of interest were defined manually for the supraspinatus, infraspinatus, subscapularis, and teres minor muscles on each of the 4 image slices to define a volume of interest for each muscle. Regions of interest were selected within 1 to 2 mm of the outer border of the muscle to avoid partial-volume averaging from fat surrounding the muscle, and, in the case of severe muscle atrophy, perimusclar fat was not included in the region of interest. As per previous reports with these methods, the inferior border of the subscapularis region of interest was defined as 10 mm superior from the inferior tip of the scapula because of incomplete imaging of the lower subscapularis. Tear size and retraction were measured on preoperative MRIs. At the time of surgery, the torn tendons were identified and used to divide patients according to whether they had isolated supraspinatus tears or multitendon tears. Repair integrity was evaluated on the postoperative scan and determined by a fellowship-trained musculoskeletal radiologist. A failed repair was defined as a tendon gap with fluid present on T2-weighted sequences (Sugaya type 4 or 5), in accordance with prior studies on postoperative imaging of rotator cuff repairs. 17, 18 Statistical analyses were performed with Stata software (StataCorp LP). Demographic data were compared between groups with unpaired t tests for continuous variables and Fisher exact tests for categorical variables. Fat fractions were compared with unpaired t tests for unmatched groups and paired t tests for longitudinal changes in the fat fraction. Proportion of fat change from baseline to follow-up was calculated as the follow-up fat fraction divided by the baseline fat fraction. These values were then compared between the tear size groups and failures by unpaired t tests.
An a priori power analysis was performed with data from previous studies to determine the appropriate sample size to detect significant changes in fat fraction values. 8, 12 A sample size of 15 patients per group would allow for the detection of 2.5% difference in fat fraction values to provide power level of 0.95 and alpha of 0.05. This difference was selected to allow for detection of changes within Goutallier grades based on our previous work. 12 
RESULTS
The patient cohort (Table 1 ) included 17 female patients and 18 male patients, with an overall mean age of 61.5 ± 10.5 years. The mean time from baseline imaging to surgery was 55.5 ± 75.0 days, and the mean time from surgery to follow-up scan was 189.0 ± 24.3 days. There were 19 patients with isolated supraspinatus tears and 15 patients with multitendon tears ( Table 2 ). The tear size and tendon retraction measurements were significantly larger in the multitendon tear group compared with the isolated supraspinatus tear group. One patient had an isolated subscapularis tear, which was excluded from the isolated supraspinatus versus multitendon analysis (but included in other analyses). There were 26 patients with an intact repair on follow-up imaging and 9 patients with a failed repair ( Table 3) . Tear size and retraction were significantly larger in the failed group as compared with the intact group.
Overall, the follow-up fat fractions were significantly higher than the baseline fat fractions for the supraspinatus (9.8% ± 7.0% vs 8.3% ± 5.7%; P ¼ .025) and infraspinatus (7.4% ± 6.1% vs 5.7% ± 4.4%; P ¼ .027) muscles (Figure 2 ). There was no significant difference in the fat fractions for the subscapularis (8.2% ± 4.5% vs 8.9% ± 6.5%; P ¼ .48) or teres minor (9.9% ± 15.3% vs 9.4% ± 13.9%; P ¼ .50) muscles.
Patients with isolated supraspinatus tears showed a significant progression in the supraspinatus fat fraction from baseline to follow-up (from 6.8% ± 4.9% to 8.6% ± 6.8%; P ¼ .0083) (Figure 3 ). The infraspinatus fat fraction for patients with isolated supraspinatus tears also increased, although it did not reach statistical significance (from 5.3% ± 4.6% to 6.6% ± 6.6%; P ¼ .074). There was no significant change in the fat fractions for the subscapularis (from 6.6% ± 3.8% to 6.6% ± 3.4%; P ¼ .96) or teres minor (from 8.2% ± 15.5% to 8.4% ± 14.6%; P ¼ .73) muscles. Patients with multitendon tears showed no significant change for supraspinatus (from 10.6% ± 6.0% to 11.9% ± 6.9%; P ¼ .35), infraspinatus (from 6.4% ± 4.3% to 8.7% ± 5.4%; P ¼ .13), subscapularis (from 12.0% ± 8.1% to 10.1% ± 5.2%; P ¼ .43), or teres minor (from 10.0% ± 11.9% to 11.5% ± 16.9%; P ¼ .32) between baseline and follow-up (Figure 4) .
The baseline supraspinatus fat fractions were significantly higher in patients with eventual failed repairs as compared with those with intact repairs (11.7% ± 6.8% vs 7.1% ± 4.8%; P ¼ .037) ( Figure 5 ). The supraspinatus fat fraction trended higher in the failed group at follow-up compared with baseline, although it did not reach statistical significance (13.5% ± 8.5% vs 8.6% ± 6.1%; P ¼ .070). Patients who had an intact repair showed a significant progression in fat fraction in the supraspinatus from baseline to follow-up (7.1 ± 4.8% vs 8.6 ± 6.1% ; P ¼ .019). There were no significant differences at either time point for the infraspinatus, subscapularis, or teres minor muscles.
DISCUSSION
We have observed significant changes in fatty infiltration after rotator cuff repair. Notably, patients with isolated supraspinatus tears showed a significant progression in the intramuscular fat fraction. The magnitude of change was similar for patients with larger cuff tears, although it did not reach statistical significance. Our first hypothesis was not supported by these results. The lack of significant progression in the multitendon tear group may be due to the higher variance in this group or because these patients had elevated baseline fat fractions with less potential for progression over time. Additionally, we observed higher baseline fat fractions in the supraspinatus for patients with eventual failed repairs at 6-month follow-up, consistent with one of our hypotheses. Figure 2 . The overall fat fractions for all patients at baseline and at 6 months after surgical repair. There was a significant increase in the fat fraction for the supraspinatus (*P ¼ .025) and infraspinatus (**P ¼ .027). Figure 3 . The supraspinatus fat fraction for isolated supraspinatus tears (n ¼ 19) showed a significant increase from baseline to follow-up (*P ¼ .0083). No significant differences were observed in the other muscles, though a trend towards a significant increase was seen in the infraspinatus fat fraction (**P ¼ .074).
Previous investigators have used qualitative MRI to evaluate the progression of fatty infiltration after rotator cuff repair, with mixed conclusions. Gerber et al 2 demonstrated that fatty infiltration progressed in all patients after repair of massive rotator cuff tears, although they did find that an intact repair protected from more severe progression. In a series of 38 patients observed 1 year after rotator cuff repair, Gladstone et al 3 found that fatty infiltration progressed even with a successful repair. On the other hand, Goutallier et al 5 reviewed fatty infiltration for 57 patients after rotator cuff repair using qualitative computed tomography-based classification. This group showed regression of fatty infiltration in the supraspinatus for 6 of 14 patients with a successful repair and no improvement in fatty infiltration for the infraspinatus. 5 Liem et al 9 also showed that an intact repair was protective against progressive degenerative muscle changes. In our cohort, there was a small increase in fatty infiltration from baseline to follow-up. This slight increase was observed in small, isolated supraspinatus tears and also observed in patients with intact repairs.
Rotator cuff repair failure is frequently encountered, with failure rates ranging from 13% in small and medium tears to 44% in large tears. 17 Gladstone et al 3 reported a retear rate of 70% in patients with moderate to severe fatty infiltration and 29% in patients with none or mild fatty infiltration. In a series of 220 patients treated with open cuff repair, Goutallier et al 5 reported an overall retear rate of 36%, with a correlation between fatty infiltration stage and risk of repair failure. They found that having a Global Fatty Degeneration Index (average stage of all 4 muscles) greater than 2 was 100% predictive of repair failure. One recent report also utilized quantitative fat imaging to evaluate progression of fatty infiltration after rotator cuff repair. 13 Nozaki et al 13 showed that patients with an eventual repair failure had higher baseline fat measurements in the supraspinatus. We observed a higher mean fat fraction at preoperative imaging for patients with an eventual repair failure compared with those with an intact repair. These patients did have, on average, larger tear sizes and greater amounts of retraction, but these results help reinforce muscle quality as an important predictor of surgical success. The mean fat fraction for patients with eventual failure (11%), which would fall in the range of Goutallier stage 1 to 2, was lower than expected from previous studies. Going forward, quantitative fat measurements may be incorporated clinically to help surgeons and patients better understand the likelihood of a successful cuff repair.
This study has several strengths. First, the use of quantitative MRI allowed for the precise and reproducible measurement of intramuscular fat. Prior reported intra-and interobserver reliability measurements for methodology ranged from 0.84 to 0.92 for all muscles. 12 This variability may be responsible for at least part of the differential conclusions observed in prior prospective studies of fatty infiltration. The method we used allows for the detection of small changes that would not be detectable with the qualitative Goutallier classification. Also, our methodology used 4 slices of each muscle. While the segmented area may vary slightly between pre-and postoperative scans, this volumetric measurement should allow for a more robust measurement of the muscle.
Our results should be interpreted with an understanding of some weaknesses. First, we have evaluated only patients treated surgically and cannot comment on the expected changes in fatty infiltration over this time frame. Future studies should evaluate muscle changes with quantitative MRI in patients with nonoperative management. Slightly different regions of the muscle may have been measured before and after surgery, especially in the setting of retracted muscle being reduced back to a more anatomic position. Regional variation in intramuscular fat has been reported in an animal model, with higher levels of fatty infiltration closer to the myotendinous junction. 15 Additionally, immediate postoperative imaging has shown changes in muscle appearance after rotator cuff repair. 7 Finally, patients with eventual failed repairs did have larger baseline tear sizes and measurements of retraction. Future studies with larger patient cohorts can help clarify the relative contributions of each factor with multivariate modeling, although this is not reliable in the current group with limited patient numbers.
CONCLUSION
We applied quantitative fat MRI to patients with rotator cuff injuries and observed significant changes after surgical Figure 5 . The supraspinatus fat fraction was significantly higher at baseline for patients with an eventual repair failure relative to patients with an intact repair at 6 months (*P ¼ .037). No statistical differences were noted for the other 3 muscles. Figure 4 . The fat fractions for multitendon tears are displayed for all rotator cuff muscles. There were no statistically significant differences between baseline and follow-up values.
